The Solar Wind Anisotropies (SWAN) instrument on the SOlar and Heliospheric Observatory (SOHO) satellite has observed 44 long period and new Oort cloud comets and 36 apparitions of 17 short period comets since its launch in December 1995. Water production rates have been determined from the over 3700 images producing a consistent set of activity variations over large parts of each comet's orbit.
Introduction
The Solar Wind ANisotropies (SWAN) instrument on board the SOlar and Heliospheric Observatory (SOHO) satellite has been operating in a halo orbit around the Earth-Sun L1 Lagrange point since shortly after its launch on 2 December 1995. Its primary science mission has been to provide continuous monitoring of the whole sky distribution of hydrogen Lyman-alpha emission resulting from interplanetary atomic hydrogen streaming through the solar system and being eaten away by charge exchange, electron impact and ionization by the sun and solar wind and being illuminated by the Sun's Ly-α emission. Because of the required sensitivity and the ability to observe the full sky, SWAN has also been an excellent platform from which to observe the hydrogen Ly-α comae of many comets since the beginning of 1996. After more than 20 years in operation it is still providing excellent measurements of hydrogen in both the interplanetary medium and comets (Bertaux et al. 1998) . SWAN has provided important observations of many individual comets. The SWAN observations allowed to determine that a total of 2.7 ± 0.4 10 9 kg of water ice was lost by comet 67P during one perihelion passage in average (Bertaux et al., 2015) . Combined with the estimated area of 20 km 2 , it yields an equivalent thickness of 15 cm of ice sublimated inside the nucleus and lost to space in one perihelion passage of this comet. SWAN observations also allowed for important coverage of the EPOXI mission target comet 103P/Hartley 2 from previous apparitions (Combi et al. 2011b ) and providing coverage throughout the apparition of the flyby (Combi et al. 2011b) . Finally, SWAN observations of comet 2012 S1 (ISON) by Combi et al. (2014) allowed for the determination of the water lost by the comet before its total disruption and loss at its very close perihelion passage, which is consistent with pre-perihelion estimates of the size of the nucleus (Lamy et al., 2014) .
Most long-term surveys of cometary activity concentrate on composition (Newburn and Spinrad, 1989; A'Hearn et al. 1995; Fink and Hicks 1996; Fink 2009; Langland-Shula and Smith 2011; Cochran et al. 2012; Dello Russo et al. 2016) , although A'Hearn et al. (1995) did examine heliocentric distance dependencies of water proxies like OH or even CN. The Nançay radio survey of 18-cm lines of OH in comets (Crovisier et al. 2002) , on the other hand, covers OH observations and thus mainly water production rates. Similarly, this survey covers the water production rates of 61 comets each observed over extended periods of time allowing for exponential power-law exponents and production rates at 1 AU to be computed for pre-and post-perihelion legs of the comet orbits. Most of the long period comets included in this survey were observed after most of the comets included most of the published surveys so detailed comparisons with compositional taxonomic classes do not include many overlapping comets. One exception is the recent infrared survey of Dello Russo et al. (2016) , however their IR taxonomy is rather involved providing depleted, typical and enhanced classification for 10 different molecular species compared to H 2 O. Unfortunately even for the IR survey there are not enough common comets to make meaningful cross-comparisons. However, Dello Russo et al. looked at the literature for the visual observations of the common carbon radicals and list those taxonomic classes (depleted or typical) for several comets in the SWAN dataset.
Observations and Basic Model Analysis
The SWAN all-sky camera consists of two systems one for the north heliographic hemisphere and the other for the south. Each has a 5x5 array of detectors of one square degree each that are scanned across the sky every day yielding a full sky map of hydrogen Ly-α emission. Depending on location in the sky with respect to the Sun and the galactic equator, comets brighter than magnitude ~10-12 can be detected by SWAN. During the first 10 years of operation, SWAN was at times targeted specifically at comets with increased exposure time and spatial double-oversampling the one square degree pixels.
The detector is actually a broadband far ultraviolet detector, which has sensitivity to either side of Lyα, however for comets, nearly 98% of the total far ultraviolet emission is typically in Lyα, and all the other emissions, e.g., O, C, S, CO, etc., are concentrated well within the innermost 1-degree pixel centered on the nucleus. For our analyses we normally sample the coma out to a radius of 8 degrees.
The extra total non-Lyα signal is quite small and accounted for in our stated uncertainties. While comets are observed at quite a range of geocentric distance within this 8 degree radius aperture, this distance is nearly always larger than the effective production scale length of H atoms resulting from photodissociation of H 2 O and OH and nearly always smaller than the decay scale length of the outward streaming fast H atoms. Therefore, there should be no systematic error resulting from the sampling size of the production rate calculation. Such effects as they relate to typical photometric and spectrophotometric observations of the common visible radicals (C 2 , C 3 , CN, NH 2 , NH and OH), were on the other hand shown to be quite sensitive to the choice of model parameters (Fink and Combi, 2004) and could yield systematic differences in determined abundances and production rates.
Over 90% of observed hydrogen atoms in comets are produced by the photodissociation of H 2 O molecules and the subsequent photodissociation of OH with typically 6%±3% coming from all other sources . Nascent H atoms are produced with a range of speeds of 8 -20 km s -1
resulting from the excess energy of photodissociation (Keller and Meier, 1976; Combi et al., 2004) .
The combination of photodissociation rate and water production rate, both of which increase as a comet's heliocentric distance decreases, determine the fraction of H atoms that collide with the heavy molecules, mostly water, in the inner coma. When this happens in sufficient numbers the transfer of energy results in the slowing of H atoms and heating of the heavy molecules, which results in a faster expanding coma. The shaping of the H atom speed distribution and the resulting physical effect on the expansion of the coma have been observed and quantified quite well (Bockelée-Morvan & Crovisier, 1987; Combi & Smyth, 1988a&b; Combi, 1989; Combi et al., 1998; Combi et al., 2000; Tseng et al., 2007; Shou et al., 2016 ).
SWAN images of the H Lyα coma are analyzed with a method called the time-resolved model (TRM) that was described in the paper by and combines aspects of several past modeling approaches, namely, the vectorial model (Festou, 1981) ; the syndyne model (Keller and Meier, 1976) , and the particle kinetic physics models (Combi & Smyth 1988a&b (Combi & Smyth, 1988a&b; Combi et al., 2000) .
As an example Figure 1 shows the portion of the full-sky image of 1 November 2011 centered on comet C/2009 P1 (Garradd) from the results of Combi et al. (2013) that is part of the TRM analysis.
The aperture for summing up the comet Lyα emission is an 8-degree radius circle centered on the comet, shown in gray. The outer region of the IPM background with field stars is shown in blue. The red areas are the locations of field stars that are masked off so as not to count those in the comet brightness for optimizing the model fit. The TRM fits a comet distribution as described above and a tilted background for the IPM in first or second order. Figure 2 shows the profile of brightness that corresponds to the cut shown as the red line in Figure 1 . The observed comet profile is in white, the modeled comet profile in green and the subtracted IPM line shown as the darker straighter green line below. The masked star contribution is shown in red and regions outside the comet as part of the IPM are shown in blue. The result of each TRM model analysis is to produce a water production from each image.
In addition to calculating the average water production rate for each image the TRM, as described by Mäkinen and Combi (2005) also employs a method to analyze long sequences of images together to deconvolve the daily water production rates at the nucleus. When comets are bright enough this method can be used to track secular variations of the initial water production rate at the nucleus rather than just the average value responsible for the hydrogen distribution within several degrees of the nucleus. Results of this procedure have been published for a number of comets in the past, namely comet C/1996 B2 (Hyakutake) by Combi et al. (2005) 45P and 96P) are included in this summary and will be the subjects of a future paper and will then be submitted to the PDS. In all three cases the most recent apparitions of these comets were quite similar to the previous ones.
When possible pre-and post-perihelion variations in water production rate have been fitted with a power-law of the form Q = Q 1 r p ., where Q 1 is the value at a heliocentric distance of 1 AU, r is the heliocentric distance in AU and p is the power-law exponent, to which we often refer as "slope," but this slope is not directly related directly to slopes in visual light curves. Some comets never reached a heliocentric distance of 1 AU and were either always closer or farther away, so the comet never actually had a production rate at 1 AU. In these cases the 1 AU extrapolated value is given anyway. In a few cases such a fit was not possible for a number of reasons. In some cases observational geometry prevented enough measurements to be made either before or after perihelion. In other cases the variation was too irregular for a power-law to have any physical meaning. An example of this would be a comet where the seasonal effects dominate the variation over time. In other cases the range of heliocentric distance obtained was not large enough for a meaningful power law to be obtained. For 3 long-period comets we provide a mean value at 1 AU for pre-and/or post-perihelion but not a power- The error bars for the fitted slopes are given in the appropriate tables. Formal error bars for the fitted production rates are all quite small ranging between 1% and 5%. These are comparable to the individual uncertainties for each production rate given in the PDS tables of individual images and are indicative of internal systematic error resulting from the model fitting, background subtraction procedure and stochastic noise in the SWAN brightness. These are also indicative of the relative uncertainties comparing different SWAN water production rates with one another. On the other hand absolute values of active areas have uncertainties as large as the uncertainties in our production rates, owing to uncertainties in model parameters such as molecular lifetimes, the intensity calibration of SWAN, uncertainty in the adopted absolute value of the solar flux from the LASP web site that contributes to the Lyman-alpha fluorescence used and the 6±3% uncertainty coming from other sources of H atoms. Altogether we normally give an approximate absolute uncertainty to water production rates as ±30%. This would be indicative of comparisons of our water production rates with those determined by other observations, such as ground-based IR observations of H 2 O, ground-based or space-based observations of OH or radio observations of OH. Because of the large ranges of values in the figures, most of the error bars are comparable to or smaller than the sizes of the data points.
For some short period comets of multiple apparitions it is clear that there is not much overall change from apparition to apparition, e.g. 2P, 21P, 45P, 46P and 96P. Data from multiple apparitions were taken together for calculating power-law variations with heliocentric distance. In section 4 below these are compared with comets 19P, 55P and 141P that were only observed for one apparition each for purposes of correlation analyses.
For dynamical classification we have adopted the criteria given in the photometric survey study of A'Hearn et al. (1995) (Combi et al. 2007 ) and so a power-law variation with heliocentric distance makes little sense. Results from the Rosetta mission to comet 67P/Churyumov-Gerasimenko have shown that nucleus activity and its variation with heliocentric distance might very well be influenced by diurnal variations as the solar heat wave penetrates to different depths and by moderate scale changes in the surface due to refreshing of more icy vertical surfaces after mass wasting falls.
De Sanctis et al. (2015) have shown the deposition of surface and/or near surface ice from infrared spectra obtained with the Rosetta VIRTIS spectrometer as regions of the comet rotate into darkness but at depth warmer areas continue to sublimate leaving more water closer to the surface.
When the region returns into sunlight on the next rotation the water signature decreases in an hour indicating that the water then sublimates away. Similarly, but on a much larger scale, Fornasier et al.
(2016) have shown from multicolor imaging of 67P with the Rosetta OSIRIS camera that the nucleus is overall "bluer" near perihelion than farther from perihelion indicating that the surface layers are enriched with water ice near perihelion when the heat wave penetrates much deeper. This might explain why the overall heliocentric distance variation of 67P is so steep, having a slope of -4.5 (Fougere et al. 2016a and 2016b) .
Images of the surface of 67P obtained by the Rosetta OSIRIS camera show the continuous evolution of a complex surface with evidence of activity on steeper vertical cliffs and the resulting material falls at the bottom of the cliffs. Vincent et al. (2016) have suggested that cometary dust jets actually result from activity on vertical fractured cliffs as well as in depressions because material can fall rather than leaving a covering dust mantle that could insulate those regions on the surface. Based on the increased solar insolation exposure of the southern hemisphere the difference in steep slope structures between the northern and southern hemispheres have been quantified by Vincent et al. (2017) . Even at larger heliocentric distance evidence for similar surface reprocessing in the form of ice and rock flow and fall has been very recently reported by Raponi et al. (2018) at the surface of Ceres by the Dawn spacecraft. Table 1 contains the observational circumstances, dynamical classes and water production rate power-law results for 42 long-period comets observed by SWAN and analyzed over the past 20 years.
SOHO/SWAN Survey Results -Long Period Comets
The dataset is based on over 2600 images. Several comets were observed for a year or more with over Figure 3 shows the pre-perihelion slopes as a function of the inverse original semi-major axes for the entire set of long-period comets. Figure 4 shows the post-perihelion slopes as a function of the inverse original semi-major axes for the entire set of long-period comets. In both cases comets with very large semi-major axis and conversely very small inverse semi-major axis are all plotted just to the right of the plot at a 0 = 60000 AU, because the uncertainties in inverse semi-major axis are large. classes. The behavior is consistent with a gradual steepening of the water production rate variation slope with age. Figure 5 shows a scatter-correlation plot of pre-perihelion slope versus post-perihelion slope.
There is no obvious correlation between the two. The main difference is that except for comet C/2014 Q1 (PanSTARRS) with both slopes being very steep at -7.8 and -8.9, the majority of pre-perihelion slopes cover a somewhat narrower range than do the post-perihelion slopes. Note that the lower limit of the post-perihelion slope does not include comet C/1999 S4 (LINEAR) at -19.6 resulting from its total disintegration beginning very near perihelion. It's very flat pre-perihelion slope of -1.2 as well as its very large original semi-major axis are consistent with it having been truly dynamically new and on its first trip into the inner solar system. Table 2 gives the observational and orbital aspects and parameters of each of the short period comet apparitions that were observed by the SOHO SWAN instrument since launch in December 1995.
SOHO/SWAN Survey Results -Short Period Comets
As Oort cloud or even extra-solar comet (Schleicher 2008) . Unlike some previous comet survey papers, we did not include population histograms of quantities such as inclination, Tisserand constant, or perihelion, because the results are not particularly illuminating. Table 3 gives observational results of the individual apparitions of short period comets including the power-law fits to pre-and post-perihelion parts of the orbit when available and appropriate as well the pre-and post-perihelion active areas from the production rate at 1 AU using the method of Cowan and A'Hearn (1979) for a rotating nucleus. Table 4 gives a reduced set of short period comet results where the power-law fits for five multiple apparition comets have been taken together as well as where nucleus radii have been determined. We did not include comets 41P, 46P, or 73P, which show considerable variation from apparition to apparition.
The trends of pre-or post-perihelion power law slopes with the short period comets' perihelion distance are weak. One might expect if increasing slope were a sign of evolution that the comets with smaller perihelion distances might tend to have steeper slopes, but the perihelion distance and slope are not correlated. In Figure 6 there is no obvious trend of pre-perihelion power-law slope with the perihelion distance. In Figure 7 there is a slight downward trend of post-perihelion power-law slope with the perihelion distance, but it is difficult to conclude it is significant. The short period comets in
Figures 6 and 7 include multiple apparition comets (Table 4) , which seem consistent over the apparitions covered, and single apparition comets, where there was a reasonable power-law fit.
The same cannot be said about the active fraction, however. For the short period comets where there are measured values of the radius, it is possible to calculate the active fractional area of the comet by using the Cowan and A'Hearn (1979) method for calculation of the active area assuming a rapidly rotating nucleus and the power-law fitted production rate at 1 AU, and dividing by 4πr N 2 , where r N is the radius of the comet, and water-driven sublimation from a dark nucleus. Errors in active fraction are driven by uncertainties in water production rates, determined nucleus radii, and the appropriateness of and thus lowering activity levels per unit surface area. Table 5 shows the SWAN comets for which typical and depleted classifications can be inferred by measurements of C 2 , CN and OH. Table 6 shows pre-and post-perihelion slopes comparing short period, typical and depleted comets and long period, typical and depleted comets. Unfortunately, the averages are limited by small number statistics. There are some trends, however. First, in each taxonomic class there is no significant difference between pre-and post-perihelion populations of each, so in Table 6 we averaged pre-and post-perihelion slopes to increase the sampling set. Perhaps surprisingly for long-period comets the depleted comets had shallower average power-law slopes than did the typical comets. The depleted short period comets had steeper slopes on the average than the typical short period comets. In additions, not surprisingly, the short period comets had steeper average power-law slopes than long period comets in general. For the comparison of long and short period comets the same trend was seen in the photometric survey of A'Hearn et al. (1995) .
Compositional Taxonomic Classes

Summary and Conclusions
The There is nothing in the results contained in the SWAN survey that goes against this idea; however there do seem to be consistent trends in power-law slopes and active fraction that are related to the evolution of the cometary nucleus. Perihelion Distance (AU) Figure 8 . Correlation of pre-perihelion active fraction with perihelion distance for short-period comets. Figure 9 . Correlation of post-perihelion active fraction with perihelion distance for short-period comets. (1995) , see text for definition Q1-pre -production rate at 1 AU from power law fitted to pre-perihelion observations p-pre -power-law exponent fitted to pre-perihelion observations Q1-post -production rate at 1 AU from power law fitted to post-perihelion observations p-post -power-law exponent fitted to post-perihelion observations a. A power law did not represent the variation of Q with r. b. No or too little data available. Notes for Table 2 T-Perihelion = Time /Date of perihelion yyyymmdd.fraction T-Begin = first image in days from perihelion T-End = last image in days from perihelion N = number of images q(AU) = perihelion distance in AU e = eccentricity of orbit i = inclination of orbit in degrees a = semi-major axis of orbit in AU T J = Tisserand constant with Jupiter Table 3 rN = nucleus radius in km. Q1-pre = power law water production rate in molecules s -1 at 1 AU for pre-perihelion observations p-pre = power law exponent for pre-perihelion observations Q1-post = power law water production rate in molecules s (1997, 2000, 2003, 2007, 2010, 2013, 2017) 2.40 6.59E+27 -1.8±0.1 1.04E+28 -2.1±0.2 0.58 0.65 0.0080 0.0090 21P/Giacobini-Zinner (1998, 2005, 2012) 1.82 4.79E+28 -1.2±0.8 4.54E+28 -11.7±1.6 3.00 2.85 0.0722 0.0684 45P/Honda-Mrkos-Pajdusakova (2000, 2011, 2017) 0 (1996, 2002, 2007, 2012) 3.20 2.52E+27 -2.5±0.7 6.77E+27 -1.9±0.2 0.16 0.42 0.0012 0.0033
Acknowledgements
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